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Abstract
Turning is an ecologically important maneuver in fishes as it is used in prey detection,
predator avoidance, and to navigate complex environments. Fishes with traditional control
surfaces primarily use body bending and pectoral fins to turn. However, little is known about
how fishes with atypical control surfaces facilitate turning. This study investigated the weakly
electric Black ghost knifefish (Apteronotus albifrons: Apteronotidae) with an atypical control
surface, namely a ribbon fin. To investigate how a fish with an atypical control surface performs
turning maneuvers, A. albifrons was filmed performing small and large turns and during steady
swimming using high speed videography. 3D kinematic analysis of the body, pectoral fins, and
ribbon fin revealed that pitch angle, ribbon fin amplitude, and asynchronous movements of the
pectoral fins dominated steady swimming while ribbon fin wavelength, frequency, wave speed,
and pectoral fin flapping frequency contributed to both small and large turns. Digital particle
image velocimetry (DPIV) showed that the ribbon fin generates larger counter rotating vortices
during turning than is produced during steady swimming. All three control surfaces contributed
to steady swimming and large turns while small turns relied mostly on movements of the
pectoral and ribbon fins. Given the contribution of the ribbon fin during small and large turns in
A. albifrons, the role of atypical control surfaces is likely more important than previously
assumed.
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Integration of the Thesis Research
This study investigates how a fish with an atypical control surface performs turning
maneuvers. The main aims of this study are to understand how the body, pectoral fins, and
ribbon fin contribute to turning in the Black ghost knifefish (Apteronotus albifrons) as well as
characterize the fluid dynamics of the ribbon fin during turning maneuvers. To standardize
turning within and among individuals, we used an oscillating feeder consisting of an Arduino
microcontroller and programmable digital servo motor. This part of the project relied on
integrating mechanical engineering and computer science techniques with our experimental
design to differentiate between treatments. Kinematic analysis of individuals allowed for the
assessment of how specific control surfaces are used in turning maneuvers. This is a
biomechanics approach which uses physics to quantify and describe biological behaviors of
interest. To characterize flow patterns produced by the ribbon fin, we used digital particle image
velocimetry (DPIV). This technique is traditionally used by engineers but has since been adapted
by biologists to study the interaction between an organism and its fluid environment. Overall,
this study relies on physics, engineering, and computer science to understand the roles of the
control surfaces in contributing to turning maneuvers in A. albifrons, thus providing insights on
how fish can navigate through complex environments using alternative means of propulsion, as
well as additional selective pressures contributing to the evolution of fishes with ribbon fins.
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Introduction
For the last 450 million years, aquatic propulsion stands out as an important selective
pressure on fish evolution (Lighthill and Blake, 1990; Hurley et al., 2006). This has led to
remarkable diversity in both fin and body morphology (Breder 1926; Drucker and Lauder, 2001).
Most bony and cartilaginous fishes have 6 control surfaces which include the body as well as the
dorsal, caudal, anal, pelvic, and pectoral fins. These surfaces are important in aiding fishes to
navigate complex flows and habitats, to maneuver, and to power swimming (Webb and Gerstner,
2000; Lauder and Drucker, 2004; Lauder et al., 2006). Given the morphological diversity of
control surfaces, there is extensive variation in the mechanisms of propulsion used to power fish
swimming.
Fish swimming is divided into two main groups: body and/or caudal fin (BCF)
swimming and median paired fin (MPF) swimming (Breder 1926; Lindsey 1978; Webb and
Blake 1985). These two groups are further separated into modes categorized by both the type of
control surface and the movement of the respective surface used to generate thrust. Among fishes
that undulate their body and/or caudal fin (BCF swimming), modes are differentiated by the
relative contribution of the body and the caudal fin (Blake, 1977). For fin undulators (MPF
swimming), the modes are determined by the specific fins which are used. Fishes can undulate
their pectoral fins (rajiform mode), dorsal fin (amiiform mode), anal fin (gymnotiform mode), or
both the dorsal and anal fins (balistiform mode) (Blake, 1978; Blake 1983; Blake, 2004; Webb,
1984a).
The amiiform, gymnotiform, and balistiform modes are all representative of a broad
category of swimming called ribbon-fin locomotion. This type of swimming is typically
observed in fishes which have elongated anal and/or dorsal fins that are referred to as ribbon fins.
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These modified control surfaces convergently evolved in multiple orders of both marine and
freshwater actinopterygian fishes (Blake, 1980; Jagnandan and Sanford, 2013; Fig. 1). Fishes
with dorsal ribbon fins include bowfin (Amia calva: Amiiformes) and the African aba aba
(Gymnarchus niloticus: Osteoglossiformes). Ventral ribbon fins are observed in the gymnotid
knifefishes (Gymnotiformes) and the notopterid knifefishes (Osteoglossiformes). Fishes with
both a dorsal and ventral ribbon fin include the filefishes and triggerfishes (Tetradontiformes) as
well as seahorses and pipefish (Sygnathiformes) (Blake 1976; Blake, 1978). Although ribbon fin
locomotion is used by basal and derived groups of bony fishes and is present in both marine and
freshwater environments, the evolutionary drivers of ribbon fin locomotion and its role in
shaping the ecology of these fishes is less understood.
Most of the literature on ribbon fin locomotion is limited to the gymnotiform mode- apart
from Jagnandan and Sanford 2013, which investigated the wave properties of the dorsal ribbon
fin in bowfin (A. calva), and several studies on triggerfish swimming (Blake, 1978; Korsmeyer et
al., 2002; Sprinkle et al., 2017). It is important to note that gymnotiform swimmers are found in
two orders: Gymnotiformes and Osteoglossiformes. Fishes within the gymnotiform order are
often studied more than their osteoglossiform counterparts. For the gymnotid knifefishes, it was
once suggested that ribbon fin propulsion allows the body to remain rigid during swimming, thus
minimizing disruption of the electric field (Lissman 1958; Lissman, 1962; Lannoo and Lannoo,
1993). This hypothesis, however, does not extend to the gymnotiform swimmers in
Osteoglossiformes as they are not weakly electric fishes. Furthermore, mormyrid fishes are
weakly electric but still swim using body undulation and do not possess a ribbon fin (Blake,
1983). While the electro-sensory system may serve as a possible selective pressure on the

6

evolution of the gymnotid knifefishes, it does not explain why many other families of nonweakly electric fishes evolved ribbon fins.
To understand additional selective pressures on the evolution of gymnotiform swimmers,
researchers primarily focus on the weakly electric Black ghost knifefish, Apteronotus albifrons.
Investigations of A. albifrons consist of kinematic and morphological analysis, prey capture
studies, and hydrodynamic analysis (Albert, 2001; MacIver et al., 2001; Shirgoankar et al., 2008;
Youngerman et al., 2014). A. albifrons also serves as bioinspiration for engineers designing
efficient automated underwater vehicles (AUVs) which are used to further understand the
mechanics of their locomotion (MacIver et al., 2004; Curet et al., 2011a; Neveln et al., 2013; Liu
et al., 2018; English et al., 2019). Several of these studies suggest that the ribbon fin reduces the
mechanical and hydrodynamic costs of swimming, therefore enhancing maneuverability
(Shirgoankar et al., 2008; Curet et al., 2011a; Nevelen et al., 2013; Youngerman et al., 2014).
Despite the diverse approaches used to study gymnotiform swimming, most investigations focus
on forward swimming and minimally on other maneuvers such as turning.
Most of the foundational knowledge of fish turning comes from studies that focus on fish
that use body undulation to power swimming, but it is suggested that the pectoral fins of most
teleosts are integral to routine turning behaviors (Gerstner, 1999; Walker, 2000; Drucker and
Lauder, 2001; Drucker and Lauder, 2002a). In sunfish and trout, turning is powered by
asynchronous movements of the pectoral fins which cause imbalanced forces pushing the fish in
the direction opposite the fin producing the most thrust (Drucker and Lauder, 2002a; Drucker
and Lauder, 2004). The unbalanced forces that are produced by pectoral fin asynchrony generate
enough thrust on the side opposite to the direction of turning to complete the maneuver. While
paired fins appear to contribute to turning maneuvers in most fishes, the median fins such as the
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dorsal, anal, and pelvic fins is less clear. However, it has been shown that the dorsal fin of
sunfish contributes to turning by counteracting torque caused by turning and therefore redirecting
the heading of the fish (Drucker and Lauder, 2001). The contribution of the body to turning has
mostly been addressed in the context of escape maneuvers (fast starts), but in the case of routine
maneuvers, the role of the body is less well understood. It is suggested the body aids in
stabilization during unsteady maneuvers by adjusting pitch angle and rolling (Webb, 2000;
Lauder and Drucker, 2003).
Turning maneuvers are ecologically important given they are used for prey capture,
predator avoidance, and the navigation of complex environments. In fact, most of a fish’s time is
spent actively making low speed turns to navigate its environment (Webb, 1981). Some
environments, however, are more complex than others and may causally increase the amount of
time a fish spends performing turning maneuvers. Environmental complexity is influenced by a
habitat’s structural and hydrodynamic characteristics. Structural characteristics of a habitat
include but are not limited to aquatic vegetation, inundated forests, corals, rocks, and narrow
waterways. These structural components also introduce non-laminar flows into ecosystems, thus
causing hydrodynamic complexity. Ribbon-finned swimmers are commonly found in complex
environments. For instance, balistiform swimmers inhabit structurally and hydrodynamically
complex coral reef systems, and notopterid knifefishes live in highly vegetated rivers (Sterba,
1962). Turning in the context of habitat navigation has not been investigated in these groups of
fishes or the popularly studied gymnotiform swimmer A. albifrons.
A. albifrons is one of 170 species that swim using the gymnotiform mode, and inhabits
the floodplains of the Amazon River which are commonly dominated by macrophyte stems and
heavy vegetation (Mitch and Gosselink, 1993; Crampton, 1996; Albert and Crampton, 2005). It
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has been suggested that the inundated vegetation of the floodplains provides a structurally and
hydrodynamically complex habitat which has potentially driven the ecomorphological traits of
most South American fishes (Prado et al., 2016). While gymnotiform swimming is recognized
for being efficient at low speeds and a mode that enhances maneuverability, it is less understood
how fishes that swim using the gymnotiform mode perform turning maneuvers given the
presence of an atypical control surface (Blake, 1983; Youngerman et al., 2014).
This study aimed to investigate how Apteronotus albifrons, a fish with an atypical control
surface, performs turning maneuvers. The specific aims of this study are as follows: Aim (1)
assess the contributions of the body, pectoral fins, and ribbon fin during steady swimming and
turning. It is expected that steady swimming depends primarily on the ribbon fin and less on the
pectoral fins and the body. We predict that the pectoral fins contribute primarily to small turns,
and that large turns are dominated by all three control surfaces. Aim (2) characterize the fluid
dynamics of the ribbon fin during steady swimming and turning. We predict that vortex
circulation and size increases as turning amplitude increases.

Methods
Animal care
Six juvenile Black ghost knifefish (Apteronotus albifrons; Linneaus, 1766; 10.2 ± 0.86
cm; Fig. 2) were obtained from a local supplier in Kennesaw, Georgia. Individuals were housed
separately in 151 L tanks filled with dechlorinated freshwater. Tanks were maintained at an
average temperature of 25.7 ± 1°C, a pH of 7-8, and under a 12 h: 12 h light: dark photoperiod.
All tanks included enrichment (i.e., plants, PVC pipe). The individuals received bloodworms ad
libitum. Prior to experimentation, individuals were trained to approach and follow an oscillating
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feeder. Acclimation to the flow tank occurred for 30 minutes prior to experimentation. All
animal care and experimental procedures adhered to Kennesaw State University’s IACUC
protocol #20-008.

Experimental design
Experiments took place in a Brett-type 90L recirculating flow tank (Loligo Systems,
Swim-90, Tjele, Denmark) with an average water temperature of 25.7 ± 1°C (Fig. 3). To ensure
laminar flow, a flow rectifier was placed upstream of the working section (66 x 20 x 20 cm).
This experiment used a single flow speed, 1.8 BL s-1. This speed is comparable to cruising
speeds of A. albifrons and was necessary to inhibit the fish from excessive rolling behaviors
when feeding (Ortega-Jimenez and Sanford, 2021). Treatments were differentiated using an
oscillating feeder. The oscillating feeder was secured to a custom platform and centered in the
working section and consisted of a feeding tube attached to the control arm of a waterproof 20 kg
digital servo motor which was programmed by an Arduino Uno R3 microcontroller (ARDUINO,
Italy) (Fig. 3B). The feeding tube was a small plastic cylinder with a 1 mm diameter hole in the
center to hold bloodworms as described in Ortega-Jimenez and Sanford, 2021.
The three treatments included in this study were steady forward swimming, small
maneuvers, and large maneuvers. Removing power from the Arduino allowed the feeder to stay
motionless in order to permit the fish to swim straight behind the feeder. This treatment served as
the control for this experiment. The two additional maneuvers were programmed so that the
feeder would oscillate at identical frequencies (0.75 Hz) but different amplitudes. The small and
large amplitudes were 30° and 45° respectively. Sequences in which a full turn was completed
without significant rolling or interruptions to the ribbon fin waves were selected for analysis.
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Turns made to the left and to the right were found to not significantly differ from one another in
most kinematic measurements and were therefore not separated for further statistical analysis.
Maneuvers were recorded in high-speed using two Hi-Spec4 cameras filming at 250 fps-1
(1696 x 1710 pixels; Fastec Imaging, San Diego, CA). Cameras were placed orthogonal and
ventral to the working section (Fig. 3). The cameras were calibrated using a 24-point calibration
cube and direct linear transformation software (DLT, version 7.1) for Matlab (Hedrick, 2008;
Matlab 2020b, Mathworks, Natick, MA, USA). DLT software was also used to track the
movement of the body, pectoral fins, and ribbon fin during maneuvers. On the body, digitization
landmarks were placed at the tip the of the snout, in between the pectoral fins, behind the
pectoral fins, in the middle of the body at two locations, at the end of the ribbon fin attachment,
and the caudal fin. Landmarks used to digitize the pectoral fins were placed on the tip of the
most distal fin ray and at the base of the pectoral fins. Ribbon fin landmarks were placed on the
base of a single fin ray towards the center of the ribbon fin, on the distal end of the same fin ray,
and on the tip of a distal fin ray located on a contiguous crest. See Figure 4 for detailed
information on landmark placement.

Kinematic measurements
A custom Matlab script was used to calculate all kinematic measurements. Example
measurements using digitized landmarks can be found in Figure 4. Pitch angle (°) and the body
bending coefficient were calculated using the 7 body landmarks. Pitch angle referred to the
vertical change in body orientation in the y plane. The body bending coefficient (ßb), as
described by Azizi and Landberg 2002, serves as a dimensionless metric that is used to assess
whole-body curvature in fishes. The coefficient is calculated as follows:

11

𝛽𝑏 = 1 −

𝐿𝑐
𝐿𝑏

in which the distance between the tip of the snout and the end of the caudal fin (Lc) is divided by
the total body length (Lb) and subtracted from 1. Values near 1 indicate little to no body bending
while values over 1 suggest body curvature.
Pectoral fin landmarks were used to calculate pectoral fin flapping frequency (Hz), the
dorso-ventral pectoral abduction angle (°), right and left pectoral cranio-dorsal abduction angles
(°), and the Asynchronous Index (AI). All pectoral fin variables except for the right and left
pectoral abduction angles and AI used the left pectoral fin only as it was visible in both the
ventral and lateral views. The remaining variables were calculated using only ventral sequences.
The following equation for the Asynchronous Index (AI) used in this study was adapted and
modified from Gerry 2008:
𝐴𝑠𝑦𝑛𝑐ℎ𝑟𝑜𝑛𝑜𝑢𝑠 𝑖𝑛𝑑𝑒𝑥 (𝐴𝐼) = [

∑ |𝐷𝑖𝑓𝑙𝑒𝑓𝑡 − 𝐷𝑖𝑓𝑟𝑖𝑔ℎ𝑡 |
]
2(𝑓𝑟𝑎𝑚𝑒𝑠 − 1)

in which AI is equal to the sum of the absolute value of the difference in contiguous x positions
of the left and right pectoral fins over time divided by two multiplied by the number of frames in
the sequence minus one. If the x positions of the left and right pectoral fins are dissimilar over
time, the index will fall closer to 1, suggesting fin asynchrony. If x positions are similar, the
index will be closer to 0, suggesting fin synchrony. The cutoff used to differentiate asynchrony
from synchrony is 0.5 (Gerry, 2008).
Landmarks on the ribbon fin were used to calculate ribbon fin amplitude (°), frequency
(Hz), wavelength (cm), and wave speed (cm/s). Ribbon fin amplitude was defined as the angle
formed between the base and distal tip of a centrally located fin ray, while frequency was
calculated as the inverse period of the wave determined by the same two landmarks. Wavelength
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was quantified using the distance between the tips of two contiguous crests. Wave speed was
calculated using the first derivative of the MSE-quintic spline function (Walker, 1998; OrtegaJimenez and Sanford, 2021).

Particle image velocimetry and analysis
Digital particle image velocimetry (DPIV) was used to characterize the fluid dynamics of
the ribbon fin during all three maneuvers. Sequences were filmed from the ventral view at 500
fps-1 using a HiSpec4 camera. A 532 nm 5-watt class-4 laser (Opto Engine LLC, Midvale, UT,
USA) illuminated plastic particles (50 µm) to form a horizontal laser sheet. Two individuals
were filmed performing each maneuver and sequences were kept where the ribbon fin intersected
the horizontal laser sheet. After background subtraction of bulk flow, time resolved paired
images were analyzed using PIVlab in Matlab (Thielicke and Stamhuis, 2014). Interrogation
windows of 64 pixels2 to 32 pixels2 (50% step) were applied to all sequences. Vectors greater
than five standard deviations from the average flow patterns were removed. After confirming
visible vortex structures using velocity profiles, vorticity (s-1) fields were extracted and used to
extract circulation values (m2s-1). Circulation refers to the vorticity of an area within a closed
loop (Tytell, 2011). Circulation for clockwise and counterclockwise rotating paired vortices was
extracted from processed vorticity fields using the tangential velocity draw tool in PIVlab.

Statistical analysis
A Repeated Measures ANOVA was used to determine the effect of treatment on the
means of each of the kinematic variables quantified. The Bonferroni pairwise comparison test
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served as post hoc analysis when needed to assess significant differences between mean values
of the kinematic variables for steady swimming, small turns, and large turns. For both the
ANOVA and the post hoc tests, the alpha value was 0.05. Normality assumptions were
confirmed using a QQ plot. Most outliers present in the data were not removed as they were not
classified as extreme. All data are presented as mean ± s.e. (standard error).
To understand how the kinematic variables from the body, pectoral fins, and ribbon fin
contribute to each of the maneuvers investigated using multivariate analysis, a canonical
discriminant analysis (CDA) similar to Youngerman et al. 2014 was performed. The dorsoventral pectoral abduction angle, and right and left cranio-caudal pectoral angles were excluded
from analysis due to their inability to meet the homogeneity of covariance assumption of
MANOVA. All other variables were included in the model. The multivariate normality
assumption was visually confirmed through the use of a QQ plot. Wilk’s lambda was used to
determine the discriminant axes that significantly contributed to the maximum separation of the
treatments (α = 0.05). A Two-Way Mixed Model ANOVA was used to test the significant effects
of treatment and individuals on each of the variables used in the model (α = 0.05).
Comparisons among clockwise and counterclockwise rotating vortices were made
visually and statistically. For statistical comparison of vortices, student’s t-tests were used to
assess significant differences in circulation (m2s-1) between counter rotating vortices within each
maneuver (α = 0.05). Comparisons across maneuvers were made using a Repeated Measures
ANOVA and Bonferonni pairwise comparisons were used when necessary (α = 0.05). R version
4.1.1 was used for all statistical analyses (R Core Team, 2019).
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Results
Body kinematics
Average pitch angle decreased significantly as the maneuvers changed from steady
swimming to large turns (F2,10 =6.45, p = 0.02; Table 1, Fig. 5A). The average pitch during
steady swimming was 6.16 ± 2.00 (°), nearly doubling the average pitch during large turns (-6.45
± 1.71 (°); Table 2). There was a significant difference in pitch between steady swimming and
large turn treatments (Bonferroni; t(5) = 3.78, p = 0.04; Table 2). No significant differences were
found between steady swimming and small turns or small turns and large turns (Bonferroni; t(5)
= 1.64, p = 0.49 and t(5) = 1.92, p = 0.34 respectively; Table 2).
Treatment significantly influenced body bending coefficient values and these values
increased from steady swimming to large turns (F2,10 = 43.22, p < 0.0001; Table 1, Fig. 5B). A
highly significant difference in the average body bending coefficients occurred between steady
swimming and large turns as well as between small and large turns (Bonferroni; t(5) = -7.91, p <
0.01 and t(5) = -5.93, p < 0.01 respectively; Table 2). The average body bending coefficient for
steady swimming was significantly lower than the average for small turns (Bonferroni; t(5) = 4.43, p = 0.02; Table 2).

Pectoral fin kinematics
The average pectoral flapping frequency and average dorso-ventral pectoral abduction
angle were not found to be significantly impacted by treatment and therefore the means across
treatments did not differ significantly (F2,10 = 0.36, p = 0.71 and F2,10 = 0.64, p = 0.55
respectively; Table 1, 2, Fig. 6). Right and left cranio-caudal pectoral fin angle did not change
significantly with treatment (F2,10 = 0.24, p = 0.79 and F2,10 = 1.81, p = 0.21 respectively, Table
1, Fig. 7).
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The average Asynchronous Index (AI) was found to be significantly influenced by
treatment with the AI values decreasing from steady swimming to the large turn treatment (F2,10
=7.87, p < 0.01; Table 2, Fig. 8A). The average AI for steady swimming was 0.48 ± 0.02 and
was closest to the index cutoff of 0.5 to differentiate between fin asynchrony and fin synchrony
(Table 2). Average AI for steady swimming was significantly different from the average AI of
the large turn treatment (Bonferroni; t(5) = 4.69, p = 0.02; Table 2). No significant differences
were observed in average AI values of the steady swimming and small turns as well as between
the small and large turn treatments (Bonferroni; t(5) = 1.86, p = 0.37 and t(5) = 1.88, p = 0.36
respectively; Table 2).

Ribbon fin kinematics
Average ribbon fin frequency increased from steady swimming to large turns and
differences observed were significantly affected by treatment (F2,10 = 5.35, p = 0.03; Table 1, Fig.
9A). The average ribbon fin frequency for large turns was significantly higher than the averages
for small turns but not steady swimming (Bonferroni; t(5) = -3.89, p = 0.03 and t(5) = -2.57, p =
0.15 respectively; Table 2).
Similar to ribbon fin frequency, average wavelength increased from steady swimming to
large turns (Fig. 9B). Differences among the averages were significantly influenced by treatment
(F2,10 = 7.84, p = 0.009; Table 1). The average wavelength for the small turn treatment was 0.86
± 0.15 cm which was almost two times the average wavelength of the steady swimming
treatment (Table 2). Wavelength for the large turns was significantly higher than that of steady
swimming (Bonferroni; t(5) = -3.76, p = 0.04; Table 2).
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From steady swimming to large turns, average ribbon fin amplitude decreased, although
treatment did not appear to have a significant effect (F2,10 = 2.44, p = 0.14; Table 1, Fig. 9C).
Similar to average ribbon fin frequency and average wavelength, average ribbon fin wave speed
increased with from steady swimming to large turns (Fig. 9D). Differences in wave speed were
attributed to treatment (F2,10 = 12.41, p < 0.01; Table 1). Average ribbon fin wave speed for the
small turns was found to be significantly higher than steady swimming wave speed but not
significantly lower than the average wave speed during large turns (Bonferroni; t(5) = -3.98, p =
0.03 and t(5) = -1.85, p = 0.37 respectively; Table 2). The average wave speed for large turns
was 8.14 ± 0.62 cm/s and nearly tripled the average wave speed for steady swimming- therefore
the means differed significantly (Bonferroni; t(5) = -4.96, p = 0.01; Table 2).

Canonical discriminant analysis
Out of the two discriminant axes, the first axis had discriminating power of 98.3% and
significantly contributed to the maximum separation of the maneuvers (p < 0.05; Table 3, Fig.
10). Ribbon fin wavelength, wave speed, ribbon fin frequency, pectoral fin flapping frequency,
and the body bending coefficient were all positively correlated with the first discriminant axis
while the Asynchrony Index, ribbon fin amplitude, and pitch angle were negatively correlated
(Fig. 10). Ribbon fin wavelength, wave speed, and the Asynchrony Index correlated positively
with the second axis while ribbon fin amplitude, pitch angle, pectoral fin frequency, and the body
bending coefficient correlated negatively (Fig. 10).
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Particle image velocimetry
During steady swimming, pairs of small counter rotating vortices were observed (Fig.
11A). Circulation for clockwise rotating vortices was significantly higher than circulation of
counterclockwise rotating vortices (Student’s t-test; t(10.90) = 2.88, p = 0.02; Table 5). During
small turns, paired counter rotating vortices were still present, but appeared larger towards the
center of the ribbon fin as the individual initiated the maneuver (Fig. 9B). Circulation for the
vortices was not significantly different (Student’s t-test; t(17.92) = 0.42, p = 0.68, Table 5). The
largest paired vortices were observed during large turns (Fig. 9C). Similar to the small turn
treatment, no significant differences were observed in circulation values for the paired vortices
(Student’s t-test; t(7.58) = -0.44, p = 0.67; Table 5). While differences in vortex size and
intensity among the treatments appeared visually distinct, circulation for both clockwise and
counterclockwise rotating vortices were not found to be significantly different (F3,1 = 1.37, p =
0.54 and F3,1 = 3.56, p = 0.37 respectively; Table 5).

Discussion
Turning is a maneuver that is crucial to fish survival. Most of what is known about
turning in fishes has focused on fishes with typical control surfaces, while the mechanism of
turning in fishes with atypical control surfaces is remains largely unexplored. To address this, we
investigated how a gymnotiform swimmer A. albifrons performs turning maneuvers using a
combination of 3D kinematics and analysis of fluid flows. In A. albifrons it was expected that of
the three major control surfaces (body, pectoral fins and ribbon fin) the ribbon fin would be the
main contributor to steady swimming, pectoral fins would dominate small turns, and large turns
would employ all three control surfaces. During steady swimming and large turns, A. albifrons
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uses all three control surfaces although the ribbon fin’s role in turning appears to play a more
dominant role than other control surfaces. Small turns were dominated by the pectoral fins and
ribbon fin. The second aim of this study was to evaluate the fluid dynamics associated with the
ribbon fin during steady swimming and turning maneuvers. We predicted that vortex size and
intensity would increase during large turns and indeed the results support this. This study
demonstrates the importance of the ribbon fin to turning maneuvers of the gymnotiform
swimmer, A. albifrons, through both kinematic and hydrodynamic analysis thus suggesting its
role in turning maneuvers has previously been underestimated.
During steady swimming, all three control surfaces were used. The body variable closely
associated with turning was pitch angle (Fig. 5A, Fig. 10). During steady swimming, individuals
held their body in a slight head-up orientation which has been documented in other studies of
forward swimming in A. albifrons (Ruiz-Torres et al., 2013; Youngerman et al., 2014; OrtegaJimenez and Sanford, 2021). It has been suggested that an increase in pitch angle (nose down)
during steady swimming will counterbalance torque forces that occur from upward thrust
generated by ribbon fin undulations (Ruiz-Torres, 2013). This upward thrust can also be
mitigated using the pectoral fins. During steady swimming, the Asynchronous Index (AI) of the
pectoral fins was significantly higher when compared to large maneuvers, but below the
asynchronous cutoff (Table 2, Fig. 8). Asynchronous movements of the pectoral fins may be an
additional means for stability in addition to changing pitch angle during steady swimming (RuizTorres et al., 2013). In a study on forward swimming in Amia calva that also has a ribbon fin,
pectoral fin movements were synchronous but were not found to impact swimming speed
(Jagnandan and Sanford, 2013). This supports the idea that the pectoral fins in A. albifrons may
be used more for stabilization rather than thrust generation during steady forward swimming.
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Ribbon fin amplitude was highest in the steady swimming while ribbon fin frequency,
wavelength, and wave speed were low when compared to turning maneuvers (Table 2, Fig. 9).
Visualizations of paired counter rotating vortex pairs also appeared smaller during steady
swimming when compared to turning maneuvers, but match the observations of forward
swimming from previous work (Shirgaonkar et al., 2008; Ortega-Jimenez and Sanford, 2021;
Fig. 11). Overall, pitch angle, AI, and ribbon fin amplitude contributed to the separation of
steady swimming from the two turning maneuvers thus suggesting all three control surfaces are
used during forward swimming (Fig. 10).
During small and large turns, the body exhibited significantly more body bending than
observed during steady swimming (Table 2, Fig. 5B). Early studies of forward swimming in A.
albifrons suggest that turning maneuvers in this species are rare and body bending is not
common (Blake, 1983; MacIver et al., 2001; MacIver et al., 2010). However, in this study A.
albifrons bend their bodies to follow the oscillating feeder. This follows observations of OrtegaJimenez and Sanford 2021 in which increased body bending in A. albifrons occurred in response
to swimming downstream of an oscillating cylinder. In the current study, body bending in this
species is common in spite of any potential constraints on the electro-sensory system. Kasapi et
al. 1993, also found that body bending was largely responsible for escape maneuvers in the
African knifefish (Xenomystus nigri), another weakly electric fish with a ribbon fin. In addition
to the body, the pectoral fins and ribbon fin were also integral to escape maneuvers (Kasapi et
al., 1993). In pectoral fins, AI is lower (more synchronous) in small and large turns compared to
steady swimming (Table 2, Fig. 8). The prediction that asynchronous fin movements should be
more common during turning maneuvers (Drucker and Lauder, 2002a; Drucker and Lauder,
2004) was not supported in this study. Though the AI for turning maneuvers was low, it does not
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imply that asynchronous movements did not occur. For small and large turns, pectoral fin
asynchrony was observed at the beginning of the turn, but eventually returned to synchronous
movements when completing the turn. In A. albifrons more pectoral fin synchrony was observed
during large turns similar to the pectoral fin movements of X. nigri during escape maneuvers
(Kasapi et al., 1993). Most of the thrust used to power turning appears to come from the ribbon
fin. Ribbon fin wavelength was similar and contributed significantly to turning (Table 2, 5; Fig.
9B, 10). Given that A. albifrons may have active control over fin ray curvature, larger
wavelengths could be used to increase fluid loading (Youngerman et al., 2014). Wave speed of
the ribbon fin can also contribute to fluid loading, which was supported by the observation that
wave speed increased significantly during large turns (Table 1, 5; Fig. 9D, 10). It is possible that
increased wave speed provides instantaneous thrust and contributes to turning. The ribbon fin has
been shown to generate heave forces (upwards force) as a result of paired streamwise vortex
rings (Shirgaonkar et al., 2008). If the fish increases wave speed to complete large turns, it is
expected that the fish would experience upwards force and large vortices. The decrease in the
pitch angle during large turns in which the body is tilted in a head down orientation (Fig. 5A)
could counter heave forces resulting from increased wave speed. Additionally, vortex size
increased during turns when compared to steady swimming (Fig. 11). It is unclear if
instantaneous increases in wave speed during turning in A. albifrons result in higher energetic
costs. It is also notable that the ribbon fin allows this fish to move in almost any direction at high
speeds and the fin has high hydrodynamic efficiency which may act to reduce energetic costs
during unsteady swimming maneuvers such as turning (Blake, 1983).
This study highlights the importance of investigating how atypical control surfaces are
used in the context of turning and remains largely unexplored. In the case of A. albifrons,
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understanding how this fish may be navigating the complex environments of the Amazon is
insightful to ecologists and conservation management. In the broader context of the evolution of
ribbon finned fishes, this study demonstrates that the use of alternate control surfaces are
important in turning. This study demonstrates the importance of expanding our knowledge of
alternate control surfaces that can contribute to turning. In the case of A. albifrons the ribbon fin
is particularly important for large turns, while small turns were dominated by movements of the
pectoral fins and the ribbon fin. Future studies should investigate turning in other ribbon fin
swimmers with different anatomical positions of the ribbon fin to better understand the
ecomorphology of these species and the evolutionary drivers behind ribbon fin swimming.
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Tables

Table 1. Repeated Measures ANOVA results investigating the effect of treatment on each
kinematic variable of interest across the three maneuvers performed by Apteronotus albifrons
(n=6). Data used for this analysis consists of the averages for each variable per individual (n=6
per treatment). Differences among maneuvers are considered significant when p < 0.05).
Kinematic variable
F statistic
p value
Pitch angle (°)
Body bending coefficient
Pectoral fin flapping frequency (Hz)
Dorso-ventral pectoral fin angle (°)
Cranio-caudal left pectoral angle (°)
Cranio-caudal right pectoral angle (°)
Asynchronous Index
Ribbon fin frequency (Hz)
Ribbon fin amplitude (°)
Ribbon fin wavelength (cm)
Ribbon fin wave speed (cm/s)

6.45
43.22
0.36
0.64
1.81
0.24
7.87
5.35
2.44
7.84
12.41

0.02
< 0.0001
0.71
0.55
0.21
0.79
< 0.01
0.03
0.14
< 0.01
<0.01

Table 2. Kinematic variable results by maneuver for Apteronotus albifrons (n=6) with post-hoc
statistical analysis. Results are reported as mean ± s.e. (standard error) calculated using the means
of all individuals during steady swimming (n=35), small maneuvers (n=47), and large maneuvers
(n=48). Letters indicate statistical significance using Bonferroni pairwise comparison tests (p <
0.05).
Steady
Small
Large
Kinematic variable
Swimming
maneuver
maneuver
Pitch angle (°)
Body bending coefficient
Pectoral fin flapping frequency (Hz)
Dorso-ventral pectoral angle (°)
Cranio-caudal left pectoral angle (°)
Cranio-caudal right pectoral angle (°)
Asynchronous Index
Ribbon fin frequency (Hz)
Ribbon fin amplitude (°)
Ribbon fin wavelength (cm)
Ribbon fin wave speed (cm/s)

6.16 ± 2.00a
1.04 ± 0.01a
6.34 ± 0.17a
43.95 ± 2.15a
33.55 ± 1.52a
29.91 ± 1.36a
0.48 ± 0.02a
6.62 ± 0.14a,b
78.52 ± 6.34a
0.43 ± 0.11a
2.76 ± 0.73a

-0.38 ± 2.87a,b
1.10 ± 0.02b
6.38 ± 0.15a
39.35 ± 3.30a
29.70 ± 1.53a
28.45 ± 2.35a
0.38 ± 0.04a,b
6.64 ± 0.25a
68.85 ± 3.08a
0.86 ± 0.15a,b
5.66 ± 0.96b

-6.45 ± 1.71b
1.17 ± 0.02b,c
6.57 ± 0.23a
42.37 ± 1.89a
30.90 ± 0.92a
30.19 ± 1.42a
0.31 ± 0.04b
7.56 ± 0.26b
64.98 ± 6.55a
1.11 ± 0.10b,c
8.14 ± 0.62b,c
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Table 3. Canonical discriminant analysis output from two discriminant axes. Results represent
all observations from six individuals for steady swimming (n=35), small maneuvers (n=47), and
large maneuvers (n=48). A canonical axis is considered to significantly contribute to maximum
separation of the treatments when p < 0.05.
Discriminant axis
1
2

Eigenvalue
3.19
0.06

Percent
98.26
100

Correlation
0.76
0.05

Wilk's Lambda
0.23
0.95

Probability
< 0.0001
0.45

Table 4. Results of Two-way Mixed Model ANOVA assessing differences in variables
associated with treatment type and differences attributed to individuals (N=6, α = 0.05). Results
are based off variables included in the MANOVA (Wilks; F16,234 = 16.26, p < 0.001).
Kinematic variable
Pitch angle (°)
Body bending coefficient
Pectoral fin flapping frequency (Hz)
Asynchronous Index
Ribbon fin frequency (Hz)
Ribbon fin amplitude (°)
Ribbon fin wavelength (cm)
Ribbon fin waves peed (cm/s)

F statistictreatment
42.04
122.83
1.14
29.10
3.63
4.97
28.60
28.73

Ptreatment
< 0.001
< 0.001
0.32
< 0.001
0.03
< 0.001
< 0.001
< 0.001

F statisticindividual
1.06
2.34
1.77
0.13
0.05
2.25
0.26
0.05

Pindividual
0.30
0.13
0.18
0.72
0.82
0.14
0.61
0.26

Table 5. Average circulation (m2s-1) for clockwise and counterclockwise circulating vortices by
treatment (N=2). Values are reported as means ± s.e. (standard error). Letters indicate
significance from student’s t-tests within each treatment (α = 0.05). Repeated measures ANOVA
results suggest no significant difference in circulation for clockwise circulating vortices or
counter clockwise circulating vortices among maneuvers (F3,1 = 1.37, p = 0.54 and F3,1 = 3.56, p
= 0.37 respectively, α = 0.05).
Maneuver

Clockwise circulation
(m2s-1)

Counter clockwise circulation
(m2s-1)

n

Steady swimming
Small turn
Large turn

1.03 x 10-5 ± 7.23 x 10-7 a
1.15 x 10-5 ± 9.45 x 10-7 a
1.48 x 10-5 ± 1.29 x 10-6 a

7.96 x 10-6 ± 3.99 x 10-7 b
1.08 x 10-5 ± 1.35 x 10-6 a
1.60 x 10-5 ± 1.29 x 10-6 a

8
11
6
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Figures
Amiiform

Gymnotiform

Balistiform

Figure 1. Actinopterygiian phylogeny with emphasis on the convergent evolution of ribbon fin
swimming. Representatives from several orders in which ribbon fin swimming has evolved are
illustrated, but do not represent all ribbon fin swimmers. Red text indicates the descriptive mode
of locomotion within ribbon fin swimming. Reproduced and modified from Jagnandan and
Sanford, 2013 and Near et al., 2012)
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A

Body

Ribbon fin
B

Pectoral fins
Figure 2. Lateral (A) and ventral (B) views of the Black ghost knifefish, Apteronotus albifrons.
All three control surfaces of interest are identified. Photo provided by Victor Ortega-Jimenez.
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Figure 3. Schematic of the aerial view (A) and magnified lateral view (B) of the experimental
set-up. Two Hi-Spec4 high speed cameras were positioned laterally (1) and ventrally (2) towards
the center of the working section of the flow tank. A honeycomb (3) was placed upstream of the
working section and a mesh (4) was placed downstream. A digital programmable servo motor (5)
connected to an Arduino Uno R3 microcontroller (6) was used to control the oscillating feeder
(7). Direction of flow (1.8 BL s-1) is indicated by an arrow. A green dotted line indicates the laser
sheet used for digital particle image velocimetry (DPIV). Schematic not drawn to scale.
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Figure 4. Schematic of digitized landmarks used in the calculation of pitch, dorso-ventral pectoral
fin abduction angle (DVA), wave speed (V Rf), body bending coefficient (ßb), cranio-caudal
pectoral abduction angle (CCA), ribbon fin amplitude, ribbon fin wavelength, ribbon fin
frequency, and the Asynchronous Index (AI). See methods for detailed information on each
variable. Figure reproduced and modified from Ortega-Jimenez and Sanford 2021.
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Figure 5. Averages for pitch angle (A) and the body bending coefficient (B) by treatment (n=6).
Outliers are removed for graphical representation. Descriptive and test statistics are provided in
Table 2. Letters indicate results of Bonferroni pairwise comparisons following a One-Way
Repeated Measures ANOVA (α = 0.05).
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Figure 6. Averages for pectoral fin flapping frequency (A) and the dorso-ventral pectoral
abduction angle (B) by treatment (n=6). Outliers are removed for graphical representation.
Descriptive and test statistics are provided in Table 2. Letters indicate results of Bonferroni
pairwise comparisons following a One-Way Repeated Measures ANOVA (α = 0.05).

34

Figure 7. Averages for right (A) and left (B) cranio-caudal pectoral fin abduction angle by
treatment (n=6). Outliers are removed for graphical representation. Silhouettes indicate the
abducted fin and the angle of interest from the ventral perspective. Descriptive and test statistics
are provided in Table 2. Letters indicate results of Bonferroni pairwise comparisons following a
One-Way Repeated Measures ANOVA (α = 0.05).
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Figure 8. Averages for the Asynchronous Index by treatment (n=6). Outliers are removed for
graphical representation. For the AI, values that are 0-0.5 suggest synchronous use of the fins
while values above 0.5 to 1 suggest asynchronous use of the fins. Descriptive and test statistics
are provided in Table 2. Letters indicate results of Bonferroni pairwise comparisons following a
One-Way Repeated Measures ANOVA (α = 0.05).
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Figure 9. Averages for ribbon fin frequency (A), wavelength (B), ribbon fin amplitude (C), and
wave speed (D) by treatment (n=6). Outliers are removed for graphical representation.
Descriptive and test statistics are provided in Table 2. Letters indicate results of Bonferroni
pairwise comparisons following a One-Way Repeated Measures ANOVA (α = 0.05).
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Figure 10. Canonical discriminant analysis (CDA) using observations from six individuals to
separate steady swimming (n=35), small turns (n=47), and large turns (n=48) by kinematic
variables representing each control surface. Canonical scores for each group are represented in
light blue circles for steady swimming, dark blue circles for small turns, and green circles for
large turns. Ellipses indicate 68% probability of scores falling near the mean (represented by a
cross). All kinematic variables of interest are included except the three measurements of pectoral
abduction angle. The first canonical axis significantly contributes to the maximum separation of
treatments (p < 0.05).
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Figure 11. Vorticity fields representing the steady swimming (A), small turns (B), and large
turns (C) treatments. Black masks in the fields represent the approximate position of the ribbon
fin as it intersects the horizontal laser sheet. Red vortices indicate clockwise rotation while blue
vortices indicate counter clockwise rotation. Scale bar represents 1 cm.

